In order to identify novel somatic mutations associated with classic BCR/ABL1-negative myeloproliferative neoplasms, we performed high-coverage genome sequencing of DNA from peripheral blood granulocytes and cultured skin fibroblasts from a patient with MPL W515K-positive primary myelofibrosis. The primary myelofibrosis genome had a low somatic mutation rate, consistent with that observed in similar hematopoietic tumor genomes. Interfacing of whole-genome DNA sequence data with RNA expression data identified three somatic mutations of potential functional significance: i) a nonsense mutation in CARD6, implicated in modulation of NF-kappaB activation; ii) a 19-base pair deletion involving a potential regulatory region in the 5'-untranslated region of BRD2, implicated in transcriptional regulation and cell cycle control; and iii) a non-synonymous point mutation in KIAA0355, an uncharacterized protein. Additional mutations in three genes (CAP2, SOX30, and MFRP) were also evident, albeit with no support for expression at the RNA level. Re-sequencing of these six genes in 178 patients with polycythemia vera, essential thrombocythemia, and myelofibrosis did not identify recurrent somatic mutations in these genes. Finally, we describe methods for reducing false-positive variant calls in the analysis of hematologic malignancies with a low somatic mutation rate. This trial is registered with ClinicalTrials.gov (NCT01108159).
Introduction
The classic BCR/ABL1-negative myeloproliferative neoplasms include polycythemia vera, essential thrombocythemia, and primary myelofibrosis. Myeloproliferative neoplasms are derived from hematopoietic stem or early progenitor cells and are characterized early in the disease by increased production of mature myeloid cells. 1 Primary myelofibrosis is a myeloproliferative neoplasm subtype typically characterized by megakaryocyte proliferation and atypical morphology, extensive bone marrow fibrosis, and splenomegaly secondary to extramedullary hematopoiesis.
The genetics underlying the pathogenesis of primary myelofibrosis and other classic BCR/ABL1-negative myeloproliferative neoplasms is an active area of investigation, particularly since the discovery of the JAK2 V617F mutation in 2005. This gain-of-function mutation in the JAK2 tyrosine kinase gene results in activation of the JAK-STAT pathway and is found in 50-60% of patients with primary myelofibrosis. [2] [3] [4] [5] The activating mutation(s) W515L/K in MPL, the gene encoding the thrombopoietin receptor, also result in constitutive JAK-STAT pathway signaling, and are found in approximately 5-10% of primary myelofibrosis patients. 6, 7 Further emphasizing the importance of these molecular abnormalities, expression of mutated JAK2 and MPL in mouse models recapitulates the phenotype observed in myeloproliferative neoplasm patients. 6, 8 Despite these findings, there are several lines of evidence that suggest these mutations in JAK2 and MPL may not be the initiating lesion in these neoplasms. [9] [10] [11] [12] In addition, recurrent, somatic mutations in TET2, CBL, SH2B3, ASXL1, DNMT3A, IDH1/2, IKZF1, EZH2, SRSF2, and TP53 have also been implicated in myeloproliferative neoplasm initiation and/or progression, generally in a small minority of cases (reviewed by Tefferi et al. 13 and Abdel-Wahab et al. 14 )
. In order to identify novel somatic mutations associated with primary myelofibrosis, we performed whole-genome sequencing of matched neoplastic and germ-line specimens from a patient with MPL W515K-positive primary myelofibrosis. We used high-coverage sequencing, two independent sequencing technologies, and multiple analysis approaches on a case with a high percentage of neoplastic cells to maximize the detection of somatic variants. Genome sequencing permitted evaluation of somatic variants outside of exons, and examination of coding regions that are difficult to capture with exome selection technologies. Using this approach, we have calculated the mutation rate for the exome and estimated the mutation rate for non-repetitive regions of the genome, finding comparable low mutation rates in each. Based on the identification of somatic mutations and expression pattern, we identified three candidate genes potentially
Comprehensive whole-genome sequencing of an early-stage primary myelofibrosis patient defines low mutational burden and non-recurrent candidate genes
Methods

Samples for genome sequencing
Patient specimens were collected under protocols approved by the Stanford University Administrative Panel for the Protection of Human Subjects and the Stanford Cancer Institute Scientific Review Committee. The procedures followed were in accordance with the Helsinki Declaration of 1975, as revised in 2008. The participant was counseled and gave consent for genome sequencing and other described studies. Peripheral blood specimens were either drawn into PAXgene Blood RNA (PreAnalytiX GmbH, Hombrechtikon, Switzerland) or sodium heparin tubes. Following isolation of the buffy coat, granulocytes and peripheral blood mononuclear cells were isolated using Ficoll-Paque PREMIUM (GE Healthcare Biosciences, Pittsburgh, PA, USA) according to the manufacturer's protocol. A 200-cell count differential performed on the cytospin from the isolated granulocyte fraction demonstrated 95% granulocytes. As a series of control populations of nonhematopoietic cells, multiple independent fibroblast cultures were initiated by mechanical and enzymatic disaggregation of a 4 mm skin punch biopsy and inoculation into culture flasks. These primary cultures were sub-cultured and then combined to provide approximately 5-10 million purified fibroblasts, representing the patient's germ-line DNA complement. DNA was extracted using the Gentra Puregene Cell Kit (Qiagen, Valencia, CA, USA) or DNeasy Blood and Tissue Kit (Qiagen) according to the manufacturer's protocol. RNA was extracted using the PAXgene Blood RNA Kit (Qiagen) or RNeasy Mini Kit (Qiagen).
Genome and RNA sequencing
Genome sequencing of DNA obtained from the patient's peripheral blood granulocytes and from purified cultured fibroblasts was performed in parallel at Illumina (San Diego, CA, USA) and Complete Genomics (Mountain View, CA, USA). To obtain the Illumina sequence data, paired-end 100-bp reads were generated using the Illumina HiSeq 2000 sequencer, and alignment and variant calling were performed using CASAVA version 1.8 and the HugeSeq pipeline 15 version 1.0, which uses BWA for alignment and GATK and SAMtool MPileup for variant calling. In parallel, a full set of ~35 bp paired-end reads were generated by the ligationbased nanoball sequencing at Complete Genomics. Alignment and variant calling of the Complete Genomics data were performed using the Complete Genomics internal pipeline and CGA Tools 1.5.0. Illumina paired-end 100-bp RNA sequence reads (49.3 million gross reads) were aligned with Tophat2 16 
/Bowtie2
17 and analyzed by Cufflinks. 18 Further details about the analysis, including variant filtering approaches, are provided in the Online Supplementary Methods.
Sanger DNA and RNA sequencing of candidate mutations PCR amplification and sequencing primers were designed with the Primer3Plus software. For RNA confirmations, reverse transcriptase PCR was performed with the SuperScript III One-Step RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen, Grand Island, NY, USA). Following agarose gel electrophoresis, the specificity of any observed band was confirmed by Sanger sequencing.
Candidate gene sequencing in additional myeloproliferative neoplasm samples
Primers for re-sequencing of the coding regions of CARD6, KIAA0355, SOX30, CAP2, and MFRP as well as the exons of BRD2 were designed using Design Studio for a TruSeq Custom Amplicon kit (Illumina). Paired-end 150-bp reads from 178 myeloproliferative neoplasm patients' peripheral blood samples were generated using the Illumina MiSeq, with protocols and analysis as described in the Online Supplementary Methods. Patients presented with: myelofibrosis (primary, post-polycythemia vera and postessential thrombocythemia myelofibrosis) n=96; polycythemia vera, n=42; essential thrombocythemia, n=40.
Results
Case Report
An asymptomatic 51-year old man was found to have abnormal blood counts on a routine health care check in 2008. A complete blood count showed a white blood cell count of 5.1 x 10 9 /L, hemoglobin 11.4 g/dL, and platelet count 147 x 10 9 /L. The differential revealed 67% segmented neutrophils, 4% bands, 1% metamyelocytes, 4% myelocytes, 2% promyelocytes, 17% lymphocytes, 4% monocytes, 1% eosinophils, and 2 nucleated red blood cells/100 white blood cells. The smear showed teardrop red blood cells and bizarre platelets. His physical examination was notable for palpable splenomegaly of 5 cm below the left costal margin. The peripheral blood smear, bone marrow aspirate and biopsy (Online Supplementary Results and Online Supplementary Figure S1) , and other laboratory findings were consistent with a diagnosis of primary myelofibrosis. Chromosome analysis detected no abnormalities. PCR testing for the JAK2 V617F mutation was negative; however, the MPL W515K mutation was detected in the peripheral blood. The patient has not required therapy since diagnosis and maintains a low-risk DIPSS Plus Prognostic Score with stable blood counts.
Genome sequencing analysis
Using the Illumina chemistry, two independent libraries derived from the purified granulocytes were sequenced to an average depth of 45X and 43X for a total of 88X average depth, and the skin fibroblast specimen was sequenced to 47X (see Table 1 for a summary of Illumina genome data). Using Complete Genomics, the average depth was 128X for the purified granulocyte specimen and 126X for the skin fibroblast specimen (see Table 2 for a summary of Complete Genomics genome data). The coverage data, concordance with single nucleotide polymorphism arrays, and number of variants indicate the granulocyte and skin fibroblast genomes were sufficiently covered to allow detection of the majority of small somatic mutations occurring in the mappable regions of the human genome. Further discussion of the sequencing metrics is provided in the Online Supplementary Results and Discussion.
Analysis of the Illumina sequencing data did not identify large-scale copy number or structural variants involving genes in this specimen. In an attempt to comprehensively identify small somatic mutations in the specimen, we used four combinations of aligners and variant callers. The Complete Genomics sequence read data were aligned and variants called with the Complete Genomics internal pipeline; due to the complex sequence read structure of the Complete Genomics data, alternate high per-formance aligners and variant callers were not available. The Illumina read data were aligned and variants called with CASAVA as well as aligned with BWA and variants called by GATK and SAMTools MPileup. Focusing on coding regions, untranslated regions, and the invariant two bases of the donor or acceptor splice sites, the total number of somatic variant candidates derived from any of the four pipelines was 984. The 4-property Venn diagram in Figure 1 illustrates the number of candidate variant calls that were unique to or were shared among the various analyses.
Bioinformatics approaches to low mutation rate tumor samples
Sequence analysis of genetic variation in tumor samples can present a variety of challenges. While tumors with a high mutation burden can pose problems due to the sheer number of genetic variation, such samples provide a strong signal-to-noise ratio in that the number of true mutations is large relative to a constant background of sequencing inaccuracies. Although tumors with a low mutation burden present an opportunity of more complete characterization of mutational events, these present a challenge in that even rare sequencing inaccuracies can lead to a low signal-to-noise ratio. We took several specific steps to maximize the detection of smaller mutation sets in the tumor sample while avoiding false positives that would have been dominant in standard analysis of a minimally mutated tumor population.
Use of cultured skin fibroblasts, in addition to allowing variants to be classified as germ-line versus somatic, enables detection of sequencing and mapping errors that result in false-positive candidate variant calls. Re-sequencing of the cultured skin fibroblast specimens at regions containing somatic variants did not detect the presence of sequencing reads containing the somatic variant at a rate above the error rate of the platform ( Table 3 ), indicating that the cultured fibroblasts do not contain significant white blood cell contamination. Consequently, the finding of the same variant in sequence reads derived from the cultured fibroblasts and granulocytes indicates that the variant is likely either germ-line (and missed by the initial filtering of germ-line variants) or a sequencing/mapping error caused by repetitive or non-unique regions of the genome that are challenging to accurately examine using current analysis approaches. Excluding sequence variants found in even a single read in the skin fibroblast sample provided a marked improvement in the signal-to-noise ratio for true somatic variant detection. Indeed, all 11 confirmed somatic variants identified in this study (Table 4) were not present in reads from the skin fibroblast specimen. In contrast, direct use of the skin punch biopsy without culturing can result in contamination of the skin specimen with neoplastic cells from the blood, 19, 20 and a strict exclusion of variants found in the skin biopsy would be less appropriate under such circumstances.
Application of two parallel sequencing chemistries (Illumina and Complete Genomics), use of multiple analysis methods for the Illumina sequencing data, and independent curation of each of the four resulting data sets were used to enhance detection of somatic mutations in this case. It is noteworthy that examination of common candidate variant calls between the Illumina and Complete Genomics data enriched for true somatic variants. In this study, 10 of 11 confirmed somatic variants within exons were identified by this approach (Figure 1) . We recognize that, in most cases, using more than one sequencing chemistry is not practical for reasons of cost, but enrichment for true somatic variants can also be achieved by using multiple variant callers on Illumina data. As an example, there are 12 variants within exons that are jointly called by CASAVA, GATK and MPileup: 11 of these are confirmed somatic variants and one is a false-positive call.
To confirm identification of somatic variants in the neoplastic population and absence of the mutation in nonneoplastic cells (i.e. cultured skin fibroblasts in this study), we employed an orthogonal technology, bidirectional Sanger sequencing. Finally, application of other filters or approaches (e.g. base conservation, predicted effect of the mutation) was intentionally avoided due concerns about removing true somatic variants. For this case and other low mutation burden cases we have examined, the application of filtering based on cultured skin fibroblasts generates a manageable data set for manual curation.
Characterization of somatic variants
Following curation and, subsequently, PCR and Sanger confirmation, we identified 11 somatic variants among exons, untranslated regions, or splice sites in this primary myelofibrosis case (Table 4) corresponding to a mutation rate of 0.13 mutations per megabase (Mb) in these regions. This is similar to the estimated mutation rate in the nonrepetitive portion of the patient's genome of 0.15 single nucleotide variants per Mb (~210 variants in 1.4 Gb). We subsequently performed further genetic characterization of the 6 variants that resulted in non-synonymous amino acid changes, alteration of the invariant two bases of the
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To evaluate which genes bearing somatic mutations might be most relevant to the pathogenesis of this patient's disease, we examined expression of RNA transcripts using high-throughput RNA sequencing and reverse transcriptase PCR. Wild-type and mutant transcripts of CARD6 (6.3 fragments per kilobase of transcript per million fragments sequenced FPKM, a normalized measure of RNA expression levels derived from highthroughput RNA sequencing data in which larger numbers indicate higher expression levels 18 ), BRD2 (2.8 FPKM), and KIAA0355 (1.1 FPKM) were detected in the primary myelofibrosis patient's granulocyte and whole blood specimens by reverse transcriptase PCR, while expression of SOX30 (0.83 FPKM), CAP2 (0.60 FPKM), or MFRP (0 FPKM), was not detected in either patient specimen by reverse transcriptase PCR. The primary myelofibrosis patient's reverse transcriptase PCR analyses are consistent with prior analysis on granulocytes derived from a normal donor, 21 which found BRD2, CARD6, and KIAA0355 are expressed while SOX30, CAP2, and MFRP were not detected. These data indicate that mutations in BRD2, CARD6, and KIAA0355 are primary candidates as pathogenic contributors to this patient's myeloproliferative neoplasm.
To search for other examples of mutations in the genes identified by analysis of this patient's tumor, we resequenced the coding regions and donor/acceptor splice site sequences of BRD2, CARD6, KIAA0355, SOX30, CAP2, and MFRP in 178 myeloproliferative neoplasm specimens from other patients: myelofibrosis, n=96 (including 3 patients with MPL W515 mutations); polycythemia vera, n=42; and essential thrombocythemia, n=40. Since the BRD2 mutation was observed in the 5' untranslated region, we also sequenced the 5' and 3' untranslated regions of BRD2 in these specimens. We did not identify any somatic mutations in these 6 genes in the 178 myeloproliferative neoplasm specimens.
Discussion
We performed high-coverage genome sequencing of granulocytes and cultured skin fibroblast samples from a patient with MPL W515K-positive primary myelofibrosis in an experimental design permitting comparison of Complete Genomics and Illumina sequencing methodologies, and several popular data analysis pipeline components. The average and median percentage of reads with mutant alleles for the 11 somatic variants in the exons or splice sites was 46% (range 38-54%, Table 4 ), indicating that the granulocyte specimen consisted predominantly of neoplastic granulocytes bearing heterozygous mutations. Deeper resequencing data of the cultured skin fibroblasts at regions containing somatic mutations in the granulocyte sample indicated that the skin fibroblast germ-line control did not contain detectable contamination by neoplastic cells (Table  3 ). These optimal specimens were sequenced using two independent sequencing chemistries at high coverage and were analyzed with multiple analysis methods to identify somatic variants in a very comprehensive manner. Our approach indicates that using cultured skin fibroblasts as a pure germ-line control allows detection of somatic variants in the neoplastic cells while permitting strict filtering and exclusion of false-positive mutations that dominate the standard analysis of tumors with a low mutation burden.
The 11 somatic variants we detected among 82 Mb of exons, untranslated regions, and splice sites corresponded to a mutation rate of 0.13 somatic variants per Mb in these regions. This is within the range reported for other myeloid malignancies including acute myeloid leukemia 20, 22 and myelodysplastic syndromes, 23 and approximately 10-to over 50-fold below mean or median somatic mutation rates observed by The Cancer Genome Atlas Research Network for a variety of solid tumors. [24] [25] [26] [27] [28] Likewise, the estimated non-repetitive genome mutation rate is also relatively low, 0.15 somatic variants per Mb.
In order to identify those somatic variants that were most likely to be relevant to the pathogenesis of primary Genome sequencing of myelofibrosis haematologica | 2013; 98 (11) 1693 29 SOX30 expression in humans appears to be limited to the testes and ovary, and its expression was not previously detected in leukocytes. 29, 30 MFRP encodes a protein that is likely to be important for eye development. 31 Its expression has been reported to be limited to the human eye and brain, and expression of MFRP was not detected in leukocytes. 32, 33 Finally, the function and tissue distribution of CAP2, which encodes an adenylate cyclase-associated protein, has not been characterized in humans.
The remaining three genes, KIAA0355, BRD2, and CARD6, are expressed in granulocytes from a normal donor, and both wild-type and mutant transcripts of these three genes were detected in whole blood or purified granulocytes derived from the primary myelofibrosis patient. KIAA0355 encodes a protein that has been conserved among vertebrates. It has not been functionally characterized, and no functional domains have been predicted for this protein. The somatic missense mutation in KIAA0355 results in the substitution of an evolutionarily conserved arginine residue at position 868 with a histidine residue, a non-conservative change.
BRD2 encodes a mitogen-activated kinase implicated in signal transduction and conserved among eukaryotes. 34, 35 BRD2 has been reported to promote transactivation of promoters of cell cycle regulatory genes through E2F transcription factors. 36 Denis and co-workers 37 suggested that BRD2 functions as a scaffolding protein that facilitates access of transcriptional control proteins to chromatin at regulatory regions of cell cycle regulatory genes. Both upregulation and downregulation of BRD2 result in a marked phenotype in model systems. Homozygous null mouse mutants are embryonic lethal; 38 in contrast, transgenic mice with overexpression of BRD2 restricted to the B-cell lineage results in the sporadic development of B-cell lymphoma. 39 Likewise, BRD2 kinase activity is markedly increased in acute and chronic lymphocytic leukemias. 34 The somatic mutation observed in the primary myelofibrosis case described in this manuscript was a 19-bp deletion in the 5' untranslated region of BRD2. Analysis of previously published ribosome profiling data from HeLa cells 40 suggests that this 5' untranslated region contains either upstream translated regions or regions with unidentified heavy complexes that protect short (~25-35 nucleotides) sequences (Online Supplementary Figure S2 ).
An attractive working hypothesis would be that this deletion could dysregulate synthesis of the BRD2 protein, leading in turn to derangement of the cell cycle and promotion of neoplastic transformation. It is of potential clinical interest that BRD2 is a member of the BET family of bromodomain proteins and is inhibited by small molecular inhibitors of BET bromodomains. 41, 42 CARD6, caspase recruitment domain family, member 6, encodes a protein whose exact function remains unclear. Caspase recruitment domain (CARD) proteins are generally involved in signal transduction pathways important for apoptosis, inflammation, immune function, and NF-κB activation. In vitro studies indicate that CARD6 is a microtubule-associated protein that positively modulates NF-κB activation. 43 However, CARD6 homozygous deletion mice do not demonstrate evident defects in apoptosis, or in innate or adaptive immune pathways. 44 The mutation detected in this primary myelofibrosis case results in a premature stop codon after the first 77 amino acids. Although this transcript might have been expected to undergo nonsense-mediated decay, we observed approximately equal expression of wild-type and mutant transcripts, as was also observed for the other genes. If the mutant protein was in fact expressed, this mutation would be predicted to result in the truncation of the protein near the end of the CARD domain (amino acids 3-94), leaving all but the very end of this protein-protein interaction domain completely intact. It has been demonstrated that a CARD6 mutant containing only the CARD domain is capable of interacting with the full-length CARD6, 43 so it is possible that a 77 amino acid version could bind to and disrupt CARD6 targets and other CARD-containing proteins.
Although we did not detect recurrent somatic mutations in KIAA0355, BRD2, and CARD6, these somatic mutations could be functionally significant in this case. CARD6 and BRD2 have been reported to function in pathways or complexes that when disrupted are known to promote neoplastic transformation. As has been demonstrated for other hematologic neoplasms (e.g. chronic lymphocytic leukemia 45 ), even though somatic mutations in these genes are not commonly recurrent, deregulation of these pathways via mutation or other genetic modification of other pathway members could be relevant to the pathogenesis of a significant fraction of primary myelofibrosis cases. It is also possible that non-coding changes present in this genome could contribute to the development of primary myelofibrosis in this patient, or that despite our attempts to maximize variant detection we did not detect relevant somatic mutations in coding regions. There is still a minor fraction of the non-repetitive genome and a major fraction of the repetitive genome that has not been fully examined by current technologies.
We cannot exclude that the somatic variants KIAA0355, BRD2, and CARD6 are passenger mutations that were accumulated in the hematopoietic stem or progenitor cell prior to transformation or in the neoplastic cell prior to the expansion of the current clonal population. Indeed, recent work in acute myeloid leukemia suggests that the majority of somatic mutations observed in acute myeloid leukemia genomes are stochastic events that occurred in the hematopoietic stem or progenitor cell prior to the initial transforming mutation, and most of these mutations do not influence pathogenesis. 20 Murine models expressing MPL W515L recapitulate a phenotype consistent with a myeloproliferative neoplasm, specifically myelofibrosis,6 so other mutations may not be required for the development of a myeloproliferative neoplasm phenotype in mice. It is possible that the MPL W515L/K mutation alone is sufficient to generate a myeloproliferative neoplasm/myelofibrosis phenotype, as is true for BCR/ABL1 in chronic myelogenous leukemia.
More definitive classification of these somatic mutations as drivers of neoplasia will likely require the interrogation of mammalian model systems. In addition, examination of somatic variants identified in this study (and their associated pathways) in the context of additional genome and exome data will help clarify the importance of these mutations, genes, and biological pathways. As genome and exome sequencing is more commonly applied in clinical practice, it will be important to evaluate common and rare somatic mutations to determine their relevance to the practice of precision medicine.
In this study, we have utilized whole-genome sequencing to establish the low mutational complexity of MPL W515K-positive primary myelofibrosis, one of the first primary myelofibrosis genomes reported to date. Our comprehensive approach using high-coverage sequencing, two independent sequencing technologies, cultured skin fibroblasts, and multiple analysis approaches on a primary myelofibrosis specimen with a high percentage of neoplastic cells optimizes the detection of somatic variants.
We estimate the exome mutation rate at 0.13 mutations/Mb and non-repetitive genome mutation rate at 0.15 mutations/Mb. In addition, the presence of somatic mutations and expression analysis of three genes, CARD6, BRD2, and KIAA0355, suggests these genes and associated pathways are potentially relevant to primary myelofibrosis pathogenesis, at least in rare cases. Finally, we describe bioinformatics approaches that improve somatic variant detection in hematologic malignancies. These data and approaches will enable further clarification of genes and biological pathways important for myeloproliferative neoplasm pathogenesis.
